Aims/hypothesis The aim of the study was to compare longitudinal changes in insulin sensitivity (S I ) and beta cell function between women with and without a history of gestational diabetes mellitus (GDM). Methods The prospective follow-up cohort included 235 parous non-diabetic Mexican-American women, 93 with and 142 without a history of GDM. The participants underwent dual-energy x-ray absorptiometry, OGTTs and IVGTTs at baseline and at a median of 4.1 years follow-up. The baseline values and rates of change of metabolic measures were compared between groups. Results At baseline, women with prior GDM (mean age 36.3 years) had similar values of S I but higher percentages of body fat and trunk fat (p ≤0.02), a lower acute insulin response and poorer beta cell compensation (disposition index [DI]) (p <0.0001) than women without GDM (mean age 37.9 years). During the follow-up, women with GDM had a faster decline in S I (p =0.02) and DI (p =0.02) than their counterparts without GDM, with no significant differences in changes of weight or fat (p >0.50). Adjustment for baseline age, adiposity, calorie intake, physical activity, age at first pregnancy, additional pregnancies and changes in adiposity during follow-up increased the between-group differences in the rates of change of S I and DI (p ≤0.003). Conclusions/interpretation Mexican-American women with recent GDM had a faster deterioration in insulin sensitivity and beta cell compensation than their parous counterparts without GDM. The differences were not explained by differences in adiposity, suggesting more deleterious effects of existing fat and/or reduced beta cell robustness in women with GDM.
Introduction
Women with a history of gestational diabetes mellitus (GDM) have an increased risk of developing type 2 diabetes, the risk being approximately fourfold to tenfold higher than in women without a history of GDM [1] [2] [3] . Cross-sectional studies indicate that women with GDM have a lower insulin sensitivity (S I ) and lower beta cell compensation for that resistance than healthy women [4] [5] [6] [7] . It is unclear whether those crosssectional differences are constant over time between women with and without GDM, or reflect a more rapid deterioration in glucose regulation over time in women with GDM than women without it. We address that distinction in the present report, using data from a well characterised longitudinal cohort of Mexican-American women with and without a history of GDM.
Methods
Study participants This study was conducted in the context of an observational study of obesity, insulin resistance and beta cell dysfunction in Mexican-Americans (the BetaGene study). Details of recruitment to the BetaGene study have been previously described elsewhere [8] .
Briefly, the participants are Mexican-American individuals (both parents and three or more grandparents being Mexican or of Mexican descent) with a fasting glucose level <7.0 mmol/l who are either: (1) women who have had GDM within the previous 5 years; (2) the siblings or cousins of women with a history of GDM; or (3) women with normal glucose levels during pregnancy in the previous 5 years. Women with and without previous GDM were identified from the patient populations at Los Angeles County/University of Southern California Medical Center, the Kaiser Permanente Southern California health plan membership and obstetric/ gynaecological clinics at local Southern California hospitals. Women without previous GDM were frequency-matched to women with GDM by age, BMI and parity. A total of 1,250 individuals were recruited to the BetaGene study with completed OGTT and IVGTT testing [9] . Among them, 903 were women, of whom 735 were parous and had a known GDM status.
The BetaGene follow-up study (BetaGene-II) was designed to recall 400 participants from the original BetaGene study to repeat the metabolic testing for an assessment of changes over time. Subjects with a fasting glucose level ≥7.0 mmol/l were ineligible for follow-up testing. The BetaGene participants were initially recruited between January 2000 and June 2005, and follow-up visits were conducted between June 2006 and October 2012. A total of 390 participants were recruited into BetaGene-II with completed OGTT and IVGTT testing at follow-up; 288 of these were women, 235 of whom were parous and had a known GDM status at baseline. For this report, only parous women with a known prior GDM status at baseline who participated in the follow-up study were included. The BetaGene and BetaGene-II studies were approved by the institutional review boards of the participating institutions, and all participants provided written informed consent before participation.
Testing procedures and assays Metabolic testing at each study point (baseline and follow-up) was conducted during two separate visits to the clinical trials unit at the University of Southern California. The first visit consisted of a physical examination, dietary and physical activity questionnaires, a dual-energy x-ray absorptiometry (DEXA) scan for body composition and a 2 h, 75 g OGTT. An insulin-modified frequently sampled IVGTT was performed on the second visit to measure insulin resistance and beta cell function [10] , as previously described [11] [12] [13] . The number of pregnancies, age at first pregnancy, parity and prior GDM status were ascertained at the initial visit. Identical testing procedures were used at follow-up visits.
Dietary intake was assessed by the 126-item semiquantitative Harvard Food Frequency Questionnaire [14] . Total calories and macronutrients were calculated by the Harvard Channing Laboratory. Only baseline dietary data were available for this report. Physical activity was assessed by the questionnaires developed by the Hawaii-Los Angeles Multiethnic Cohort Study [15, 16] . Individuals were categorised according to whether or not they met the United States Department of Health and Human Services (DHHS) recommendation of at least 75 min a week of vigorous or 150 min a week of moderate activity [17] . Our previous work showed that individuals who reported meeting the DHHS recommendation had better glucose and insulin profiles and enhanced beta cell function compared with subjects who did not meet the recommendation [9] .
Plasma glucose was measured by glucose oxidase (YSI Model 2300; Yellow Springs Instruments, Yellow Springs, OH, USA), and insulin was measured by two-site immunoenzymometric assay (TOSOH Bioscience, San Francisco, CA, USA), which has <0.1% cross-reactivity with proinsulin and intermediate split products.
Data analysis BMI was calculated as the weight in kilograms divided by the square of the height in metres. Insulin responses to glucose were calculated as the incremental AUC for insulin during the first 10 min of the IVGTT (the acute insulin response [AIR]) and the difference in plasma insulin level between the 30 min and fasting time points of the OGTT (30´ΔInsulin). The minimal model (MINMOD Millennium version 5.18) was used to derive S I and AIR from the IVGTT results [18] . The disposition index (DI), a measure of beta cell compensation for insulin resistance, was computed as the product of S I and AIR. The incremental AUC for the 2 h OGTT glucose curve (ΔGlucose AUC) was calculated using the trapezoid method.
Demographic, anthropometric and metabolic characteristics were compared between women with and without a prior history of GDM using generalised estimating equations (GEEs), assuming a family-level exchangeable correlation structure, to account for possible correlations between siblings or cousins within families. Results for fasting insulin level, post-challenge insulin concentration, insulin response, S I and DI were natural log-transformed to approximately normal distribution prior to analysis. For presentation purposes, medians and interquartile ranges (IQRs) were used for descriptive statistics, and geometric means were used for covariate adjusted results for which standard deviations were calculated using the delta method [19] . Rates of change in anthropometrics and metabolic measures between baseline and follow-up were calculated as ([follow-up−baseline]/follow-up time) to take account of individual differences in the length of followup. Rates of change were compared between the GDM and non-GDM groups using GEE without adjustment for covariates, as well as with adjustments for baseline age, age at first pregnancy, body fat percentage, caloric intake and level of physical activity. The adjusted analyses were repeated by replacing the baseline fat percentages with the baseline BMI and trunk fat as covariates. The impact of change in adiposity, additional pregnancy and physical activity during follow-up on the differences in rates of change of the metabolic factors between the two groups was evaluated by further adjustment for these follow-up variables. All statistical tests were twosided. SAS version 9.2 (SAS Institute, Cary, NC, USA) was used for data analyses.
Results

Baseline characteristics
The sample was composed of 235 parous women from 100 independent families, 93 with and 142 without a history of GDM at baseline. Compared with women without a history of GDM, the women with prior GDM were approximately 2 years younger, were of the same parity and were around 3 years older in terms of age at first pregnancy ( Table 1 ). The GDM group had an average of around a 1.5 kg/m 2 higher BMI, a 1.2% greater percentage body fat and a 1.9 kg greater trunk fat compared with the non-GDM group (p ≤0.03). The values for the fasting glucose, 2 h glucose and incremental glucose AUCs from the OGTTs were significantly higher in the GDM group (p ≤0.003), as were the fasting and 2 h insulin levels (p ≤ 0.001). The OGTT 30´ΔInsulin was similar between the two groups. At baseline, more women in the prior GDM group had impaired fasting glucose (IFG, defined as a fasting glucose level ≥5.6 mmol/l; 23% vs 8%, p =0.002) and impaired glucose tolerance (IGT, defined as a 2 h glucose level ≥7.8 mmol/l; 59.1% vs 30.3%, p <0.0001). S I was slightly but not significantly lower in the prior GDM group (p =0.11). AIR and DI were significantly lower in that group compared with the women without GDM (p <0.0001). Self-reported total calorie intake was slightly, but not significantly, higher in the GDM group (p =0.14). Fewer than 50% of women in each group met the DHHS physical activity recommendation (p =0.61 between groups). Baseline glucose, insulin, AIR and DI remained significantly elevated in the GDM group after adjustment for age, age at first pregnancy, percentage body fat, energy intake and physical activity.
Changes during follow-up Women in both the GDM and non-GDM groups were followed for a median of 4.1 years (IQR 3.3-5.5 and 3.6-5.7 years, respectively). At follow-up (Table 1) , women in the GDM group remained slightly more obese, with significantly higher glucose, fasting and 2 h insulin levels, diminished acute insulin secretion and lower beta cell compensation than women in the non-GDM group. The GDM group progressed to have a significantly lower S I than the non-GDM group (p =0.01). Rates of IFG and IGT were increased to 35.5% vs 13.4% (p <0.0001) and 71.0% vs 39.4% (p <0.0001), respectively, for the GDM vs non-GDM group. During follow-up, a higher percentage of women in the GDM group experienced one or more additional pregnancies (21/93=23% vs 19/142=13%; p =0.07). Of the women who became pregnant during the follow-up interval, a higher percentage of women in the GDM group developed GDM in their subsequent pregnancies compared with those in the non-GDM group (12/21 = 57% vs 2/19 = 11%; p = 0.01). At follow-up testing, 67.8% and 70.8% of women in the GDM and non-GDM groups, respectively, met the DHHS physical activity recommendation (p =0.64 between groups).
Rates of change of the anthropometric and metabolic factors by group are presented in Table 2 . Body weight, total body fat percentage and trunk fat increased similarly in the two groups. Fasting and 2 h OGTT glucose and fasting, 2 h insulin and 30´ΔInsulin values all increased over time in both groups, with higher rates of increase for the GDM group, although the differences between groups were not statistically significant. S I , AIR and DI all decreased over time in the two groups. The rates of decline in S I and DI were significantly greater in the GDM group (unadjusted p =0.02 for both). Two women in the GDM group and none of the women in the non-GDM group had developed diabetes at follow-up (p =0.23 by Fisher's exact test). Table 2 also presents the adjusted results. Adjustment for baseline age and age at first pregnancy (Model I) attenuated the intergroup difference for fasting and 2 h glucose, did not change the difference for S I (remained at p =0.02) and increased the difference for DI (to p =0.004). Further adjustment for baseline percentage body fat (Model II) and total calorie intake and physical activity at baseline (Model III) increased the intergroup differences for rate of change of S I and DI (to p =0.002 for both). Figure 1 depicts the means of S I and DI at baseline and at the median follow-up time for the GDM and non-GDM groups after adjustment for age at baseline, age at first pregnancy, baseline percentage body fat, dietary calorie intake and physical activity. S I was similar at baseline and deteriorated more rapidly in women with a history of GDM. DI was considerably lower at baseline and also deteriorated more rapidly in the GDM group. Further adjustment for changes in percentage body fat and/or additional pregnancies did not affect the results (Table 2 , Model IV). Additional adjustment for changes in physical activity had no impact on the results (data not shown).
To determine whether the difference in rate of change of DI between the GDM and non-GDM groups was due to a difference in the rate of change of insulin resistance, we added the rate of change of S I to Model IV as an additional covariate, with the rate of change of DI as the outcome. Adjustment for the rate of change of S I reduced the intergroup difference in the rate of DI change by 49%, and the remaining intergroup difference in the rate of DI change became marginally significant (p =0.07).
As a sensitivity analysis, we performed data analysis using unrelated individuals. Doing so excluded 49 women with GDM and 86 women without GDM. The resulting sample sizes were 44 women with GDM and 56 women without GDM. Results from the unrelated individuals were similar to the results reported when including all the women (data not shown). Excluding 33 women (21 in the GDM group and 12 in the non-GDM group) who had IFG at baseline gave similar conclusions.
Discussion
This study is unique in that it provided more than 4 years of follow-up with detailed physiological measurements to compare the natural history of glucose regulation outside pregnancy between parous Mexican-American women with and without a history of GDM. Four main findings were observed. First, women with a history of GDM showed a faster deterioration in S I over time than their non-GDM counterparts. Estimated from the GEE, representing differences in rate of change between the GDM and non-GDM groups for the variables in the first column Model I: adjusted for age, and age at first pregnancy. Model II: adjusted for the covariates in Model I + baseline percentage body fat. Model III: adjusted for the covariates in Model II + baseline total calorie intake and physical activity. Model IV: adjusted for the covariates in Model III + rate of change in percentage body fat and any additional pregnancy during follow-up *p <0.05, **p <0.01
Second, women with prior GDM had lower beta cell compensation at study entry and their beta cell compensation continued to deteriorate at a faster rate during follow-up than was seen for women without prior GDM. Third, the faster deterioration in S I and beta cell compensation in the prior GDM group occurred in the absence of apparent differences in body fat and was not explained by additional pregnancies or differences in physical activity during follow-up. Finally, the excess decline in beta cell compensation in women with GDM was not entirely due to increasing insulin resistance since adjustment for the change in S I only accounted for 49% of the betweengroup difference and the remaining difference was still marginally significant. Thus, our results indicate that Mexican-American women with a recent history of GDM show a more rapid decline in S I and beta cell compensation than their parous non-GDM counterparts, independent of baseline age, obesity, diet and physical activity as well as changes in obesity and additional pregnancies.
Our findings are consistent with the concept that GDM commonly represents the detection of a chronic condition characterised by insulin resistance and failing beta cell compensation for that resistance [7] . The women with prior GDM in our cohort were younger and did not show significantly greater insulin resistance at baseline because of our matching effect on BMI at baseline recruitment, but had much lower insulin secretion and beta cell compensation at baseline compared with the women without GDM. Thereafter, S I fell more rapidly without much increase in insulin secretion, resulting in a more rapid deterioration in beta cell compensation in the women with prior GDM. Both observations were consistent with a progressive beta cell defect that was first detected in pregnancy.
This pattern complements results from previous short-term studies [6, 20, 21] that have shown beta cell deterioration in women with GDM during and shortly after pregnancy. Although it remains possible that glucose intolerance is limited to pregnancy in some women, the weight of evidence points to a chronic disease state that is detected in pregnancy and eventually leads to impaired glucose levels and type 2 diabetes. The fact that there were no significant differences in glucose profiles between groups and that very few women in the GDM group developed diabetes in the 4 years of followup may be due to the fact that a substantial loss of beta cell compensation is required to raise glucose levels to the diabetic range [7, 22] .
Factors leading to the faster increase in insulin resistance in the women with GDM remain to be discovered. The authors previously found, in a group of 60 women with prior GDM, that weight gain was significantly associated with a deterioration of beta cell function [23] . In this study, we also observed that weight gain was associated with falling S I (p = 0.002) and beta cell compensation (p =0.01) (data not shown). However, we did not find that absolute fat, change in weight or fat, or additional pregnancies during follow-up explained the excess deterioration of S I and beta cell compensation seen in the women with GDM. We did not observe a differential impact of weight gain on the deterioration of S I and beta cell compensation between women with and without GDM (interaction tests p >0.79 for both). This finding suggests biological differences in fat between the two groups. We do not have imaging data that would allow us to assess visceral or organ fat in this cohort, and we do not have measures of adipokines. A number of genetic variants have been shown to be associated with GDM [24] , and it is possible that differences in genetic susceptibility may play a role in the faster decline in S I and beta cell function. These potential mechanisms for our observations remain to be explored.
We acknowledge some limitations to our study. First, our study sample included the siblings and cousins of the women with a history of GDM. We used the GEE approach to statistically adjust for the non-independence of the study participants; however, it is possible that the actual differences in rate of deterioration between women with and without GDM from a random sample of Mexican-American women might be different. Second, women with a fasting glucose level ≥7.0 mmol/l at baseline or follow-up were not included in the main study, since S I could not be validly assessed using IVGTTs for individuals with overt diabetes. Therefore, our results represented the natural history of change prior to the development of overt diabetes. Third, we do not have followup dietary data for this report; therefore, the effect of any differences in dietary change could not be assessed. Finally, only Mexican-American women were included in this study and differences in metabolic deterioration between women with and without GDM in other racial/ethnic groups might be different; it has previously been shown that the risk of developing diabetes associated with GDM varies by race/ ethnicity [2] . The strength of this study is our unique sample, including relatively large and long-term longitudinal follow-up with detailed OGTT-and IVGTT-based measures of S I and beta cell compensation at baseline and follow-up. Unlike previous longitudinal studies, which were mostly short term and centred around pregnancy [6, 20, 21] , our cohort included women with and without a history of GDM with an average of more than 4 years of follow-up outside pregnancy. We also have DEXA-assessed adiposity levels and physical activity questionnaires at baseline and follow-up, so we were able to assess whether the excess decline in insulin sensitivity and beta cell compensation over time in women prior to GDM was caused by differences in changes in these two factors as well as additional pregnancies.
In summary, with over 4 years of follow-up with detailed physiological testing in Mexican-American women, we found that women with a history of GDM had poor metabolic profiles at baseline and a faster deterioration in S I and beta cell compensation than women without such a history. The differences were not explained by age, body fat content, diet, physical activity or additional pregnancies. Our findings provide important evidence supporting the concept that GDM is one manifestation of a progressive beta cell disease that is detected during pregnancy but continues unabated thereafter in the absence of specific interventions [25] . Moreover, our results suggest that the degree of adiposity [23] is not the only determinant of falling S I and beta cell function, suggesting that a variation in fat biology and/or genetic susceptibility may contribute to differences in deterioration between women with and without GDM. Our results highlight the need to improve S I and beta cell function in women with prior GDM. Indeed, interventions targeting a reduction in insulin resistance using pharmacological agents [26] [27] [28] or lifestyle style changes [28] can delay or prevent type 2 diabetes in women with a history of GDM.
